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NOTICE 

This report was prepared as an account of Govornmont sponsored work. Neither 
tho Unitod States, nor the National Aoronautiu and Space Administration 
(NASA), nor any person acting on behalf of NASA: 

A.) Makes any warranty or representation, exprossod or implied, with 
re- to the accuracy, compl.tmmess, or uwfulnou of thm informa- 
tion contained in this report, or that the usm of amy information, 
apparatus, mothod, or process disclosed in this report may not 
infringe privatoly ownod rights; or 

6.) Auumms any liabilitios with nspoct to  the UI. of, or for damagos 
resulting from tho urn of any infomation, apparatus, mothod or 
process disclosod in this npor). 

As used abovo, "pmrson acting on behalf of NASA" includes any omployme or 
contractor of NASA, or .nrployw of such aOn)twtor, to  the oxtont that such 
employee or contractor of NASA, or employme or such contractor proparor, dis- 
seminates, or pr0vid.r ;ICCOSS to, any information pursuan$ to his omploymont or 
contract with NASA, or hir omploymmnt with such contractor. 
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I INTRODUCTION 

The purpose of t h i s  investigation is t o  generate fatigue data f o r  
refractory alloys a t  elevated temperatures i n  ultra-high vacuum environ- 
ments. 
creep is the l imiting design parameter i n  turbine applications involving 
space-power systems . 

The ultimate objective is to de teh ine  whether fatigue l i f e  or 

During this report period additional notched fatigue tests were 
conducted at 2 0 0 0 9  (1093OC) on TZC alloy.* From tk results of these tests 
S/N 
specimens of TZC have been tested a t  an "A" r a t i o  of approximately 0.20 and 
a s t a t i c  load of 20 K s i  (1.38 x 10%/m2). 
obtained from these smooth-specimen fatigue tes ts .  

curves have been defined f o r  "An ratibs* of CXl and'0.67. &nooth 

Limited creep data have also been 

Specimens of TZM w i t h  various notch configurations are being evaluated 
under dynamic load conditions. 
t h e  pea)c stress required f o r  fatigue of smooth specimens is signif icant ly  
greater than t h a t  required for notched specimens. 
reason for t h i s  difference is not known but the e f f ec t  of localized self- 
heating m a y  be a contributing factor. 

The resu l t s  obtained t o  date indicate that 

A t  Iresent tbe specific 

Further study has been undertabn to assess tbemquiremnts necessarg 
The results t o  cause fatigue of smooth TZC specimens a t  an "Aw r a t i o  of  a>. 

of tests conducted t o  determine the  requvemnts  for  producing fatigue i n  
smooth specimns show t h a t  Kith t h e  vibrational drive available a t  20 Hb, 
t h e  mamitude of the  dynamic s t r e s s  delivered t o  the specimen i s  l imi ted  by 
t he  large amount of energy converted to  heat t hmugh internal  damping. 

I1 MATWIAIS 

The molybdenum-base alloys TZM and TZC are the materials being 
investigated i n  the test  program. The s p e c m c  material form, beat numbers, 
and compositions are presented .rh Table 1. The TZM alloy has been employed 
primarily as a working material t o  define the  e f fec ts  of notch geometrg and 
t o  optbnize t h e  design of t h e  load t r a i n  assembly. 
evaluated as bar stock and plate material from two heats (M-89 and M-91). 
The processing history of t h e  TZC plate, described i n  the F i f th  Quarterly 
R e p o r t ,  CR 54775, was significantly different for  each of the k a t s  being 
evaluated. With the exception of one test which was performed on the stress- 
relieved material, the TZC specimens were annealed a t  3092'F (1700OC) fo r  one 
hour i n  vacuum prior t o  testing. Tests on tba TZM were conducted i n  both the 
stress-relieved and recrystall ized conditions. 

The TZC alloy has been 

* Ratio of dynamic s t r e s s  to mean stress. 
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I11 PROCEDURE 

The program plan involves conducting fatigue tests at approximately 
20 kHz on both smooth and notched specimens. Since sufficient stress could 
not be generated on the smooth specimens to consistently produce a failure 
at a test temperature of 2 0 ° F  (1093OC>, considerable effort has been devoted 
to varying the load train design so that increased ultrasonic drive could be 
developed, 

The test specimen geometries, shown in Figures 1 and 2, are based on 
the calculations of Neppiras.* Both utilize the dumb-bell type geometry with a 
gage-length diameter of 1/4 inch. The test method involves mechEuiically 
mounting the specimen to the drive train, adjusting the capacitive iribration 
pick-up, making preliminary checks to insure the system is in resonance, and 
pumping the unit t.0 a vacuum better than 1 x 10 
Testing is performed at this vacuum except during heating which is controlled 
at such a rate that the pressure never exceeds 1 x 10-6 Torr. 

-8 Torr at room temperature, 

A W-3%Re/W-25%Re thermocouple placed approximately 1/8 inch from the 
surface at the specimen midpoint is used for temperature measurement. 
breakage produced by the vibration, the thermocouple Cannot be attached 
directly to the specimen. 
two hours prior to the application of the cyclic load. 

h e  to 

The temperature is stabilized for approximately 

As a result of the application of the high frequency cyclic load, 
For a given material the degree 

In  determining 
heating of the fatigue specimen takes place. 
of heating is dependent upon the power applied to the system. 
the S/N curve, the ambient test temperature; i.e., the temperature recorded by 
the thermocouple is set at a fixed value for each test. 
levels where significant heating of the specimen occurred, the test time was 
sufficiently short so that a readjustment of the furnace temperature to com- 
pensate for the self-heating coula not be accomplishdd."At the low values 
of applied dynamic stress, the temperature increase was very slight and no 
adjustment of the furnace temperature was usually necessaryo Although the data 
are presented for constant values of the ambient temperature, the actual 
specimen temperature was also recorded in cases where the test duration was 
sufficient to allow time for accurate readings. 
due to self-heating was obtained with an L-N optical pyrometer by measuring 
the difference in specimen brightness temperature before and after the 
application of the cyclic load., 

At the high stress 

The temperature increase 

* E, A, Neppiras, "Techniques and Equipment for Fatigue Testing at Very 
High Frequencies," Proc. ASTM, 2, 691-709, (1959) . 
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The applied dynamic s t ress  produced by the ultrasonic vibration was 

I n  t h e  dumb-bell specimens two reference points were sel- 
determined from displacement measurements made direct ly  on the specimen with 
a cathetometer. 
ected approximately equidistant from the specimen midpoint and the  displace- 
ments a t  these points were determined Qy averaging 10 readings. 
i n  these readings w a s  approximately kSOfi-in. The displacement along the 
specimen was  assumed t o  folluw t h e  sinosoidal relationship: 

The variation 

where: 2 6 x is  the t o t a l  measured displacement a t  a distance x from the 
specimen midpoint, 

& is t h e  maximum amplitude, and 

is t h e  resonant wave length. 

The maximum s t r a i n  (c m a s )  a t  the midpoint of the dumb-bell type specimen 
can then be determined from the equation: 

and the dynamic s t ress  ( D )  i s  the product of the  s t r a in  and the e las t ic  
modulus a t  the particular t e s t  temperature 

When the  notch specimen was employed, tb calculations of stress 
based on t h e  displacement. measurements taken on the major diameter m u s t  be 
increased by t h e  area r a t i o  and the theoretical  stress concentration factor. 
On t h i s  basis the stress i n  the notch specimen was calculated from t h e  
following relation: 

where: &r is  the 
D is the 

d is the 

theoretical  s t r e s s  concentration factor,  

major specimen diameter, and 

minor specimen diameter. 

A l l  the tests were conducted i n  the  18.0 t o  21.0 kHz range. Cracking 
of t h e  t e s t  specimen was accompanied by a significant decrease i n  t h e  res- 
onant frequency. Although the end point was defined as the point when t h i s  
rapid shift i n  resonance occurred t h e  t e s t  was continued u n t i l  the  desked  
amplitude could no longer be obtained. T h i s  cond5tion usually resultkd i n  
propagating the fatigue crack through approximately one-half the specimen 
cross-section. 

6 



Drive Train Design 

During this quarter emphasis w a s  placed on finalizing t h e  design of 
the drive t r a i n  and determining the magnitude of the Qnamic stress which 
w a s  possible wi th  the  existing equipmerrt. 

The dynamic drive system is based upon afer roe lec t r ic  element 
providing a longitudinal displacement to a resonant drive t r a in  with the 
consequent development of a standing displacement i n  t h e  drive t r a i n  and 
specimen. To determine t h e  s t ress  i n  such a system requires a knowledge 
of t h e  modulus of the material a t  operating temperatures and the wave length 
of the displacement. Since TZC is the  principal material  of in te res t ,  tests 
have been conducted t o  es tab l i s  that  the  modulus i n  t h i s  material a t  20 lcHz 
and 2000'F (lO93OC) is 3.6 x 10 4 si  (24.8 x 1$N/m2) and the wavelength 
under these same conditions i s  9.80 inches. From equations 2 and 3 the dis- 
placement amplitude re uired for  a nodal stress of 45 K s i *  a t  2UO0°F (1093OC) 

resonant a t  20 kHz i f  i t s  length is a multiple of 4.90 inches ('A/2) and t h e  
longitudinal s t r e s s  will be 45 Ksi (3.1 x 108N/m2> at  the node i f  the  max imum 
displacement amplitude i s  0.00195 inches. 

w i t h  TZC is  1.95 x 10- 3 inches. Thus, a TZC bar a t  2000OF (1093OC) wlll be 

The drive element selected for  t h i s  programwas a lead-zirconate- 
t i t ana te  (PZT) cylinder containing a silver coating on t h e  inner and outer 
surfaces. The dimensions of t h i s  element shown i n  Figure 3, are such t h a t  
when a sinusoidal voltage is applied t o  t h e  electrodes, t he  element elongates 
and contracts a t  tb frequency of t h e  applied voltage. While t h e  displacenent 
amplitude is a function of the applied voltage, the l imitation of c rys t a l  
heating resulted i n  t h e  system being designed f o r  an input power of about 
200 watts a t  250-3OO volts. 

increase the displacement amplitude of the driving element mechanical ampli- 
fiers yare used. The general design of  these amplifiers, shown i n  Figure 4, 
employs an overall  length which is a multiple of a h a l f  wave with t h e  trans- 
formation step located a t  a displacenent node. 
themechanical amplifiers because of t he i r  low energy losses and high strength. 
With  an amplifier of t h i s  design the gain i n  displacgnent amplitude is  related 
t o  (D/d)2 where D is the  larger diameter and d the smaller diameter. I n  going 
from a 2-inch diameter c rys ta l  t o  a 1/2-inch diameter rod, t o  which t h e  spec- 
imen is  attached, a theoretical  gain of 16 should be obtdned,which when 
conibined wlth the gain afforded by the -dxnbell specimen design should provide 
enough amplification so tha t  the desired displacement of 1.95 x 10-3 inches 
could be obtained. 

When t h i s  input voltage is applie to the 
crystal, the displacemnt amplitude i s  approximately 7.5 x 10' P incbes. To 

Titanium and TZM were selectedfor  

-3 The value of 45 K s i  was i n i t i a l l y  selected as a target s t r e s s  for t h e  
equipment design. 
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ELECT RO DE 
SURFACES 

FIGURE 3 LEAD-ZIRCONATE-TITANITE (PZT) CRYSTAL HAVING 
A LONGITUDINAL RESONANT FREQUENCY OF 
APPROXIMATELY 20 kHz 
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FIGURE 4 DESIGN OF MECHANICAL AMPLIFIER USED I N  DRIVE TRAIN 
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I n  actual practice, with a load t r a in  and specimen as sbwn i n  
Figure 5,  a maximum displacement of only 1 t o  1.25' x 10-3 in. could be obtained 
when the specimen was  a t  temperatures above 15'OO°F (815°C). 
alternations have been evaluated i n  an attempt to increase the resul tant  
amplification, w i t h  l i t t l e  improvement i n  results, during the e lemted 
temperature tests. 

Various design 

During this quarter, a ser ies  of tests were run w i t h  a 1 Kw Blackstone* 
drive unit to determine whether  the joints  between horns, located a t  the 
displacement antinodes, signify cantly contributed to a loss of displacemnt 
i n  the drive train.  The arrangement fo r  t h i s  test is shown i n  Figure 6. 
magnetostrictive vibrator was coupled t o  a titanium mechanical anpl i f ier  which 
i n  turn was coupled t o  a resonant TZM bar. The drive t r a i n  was long enough 
so tha t  the end was located s l igh t ly  below the center of .the furnace i n  the 
vacuum chamber. 
horn on a rubber gasket arid the system length was designed to produce a res- 
onance a t  26.6 kHz w i t h  a mechanical annlification of 2.25'X. 
horn was attached to the 1-1/2 inch diameter output stub of t h e  generator with 
a 1/2-20 steel  s tud and the  TZH bar was attached to the titanium horn with a 
3/8-24 s t e e l  stud. 
displacement antinode, measurements of the motion were made a t  t h i s  point with 
a cathetometer and the resul ts  are summarized i n  Table II. A t  room temperature 
re la t ive ly  high stresses could be developed, but on b a t i n g  the TZM bar t o  
2 W ° F  (1093'C), the  maximum calculated stress decreased to approximately 
15 K s i  (1.03 x 108N/m2). 
t o  operate tFe generator a t  a fraction of i ts  maximum power a d  extrapolate 
the results to maximum drive, because fatigue of  t h e  drive train would resul t .  
The first two t e s t s  given i n  Table II show tha t  the mchanical joint  between 
t h e  titanium amplifier and the TZM bar does not cause attenuation of t h e  
displacement. Test No. 3 indicates tha t  when tb drive t r a i n  is mounted i n  
t h e  vacuum unit, using the horn s t ep  and a 1/16 inch rubber gasket, some loss 
of dis  lacement occurs. 
inches7 t o  2UU0°F (1093OC) does cause a decrease in frequency and a s ignif icant  
loss of displacement. 
par t  to  t h e  titanium mechanical anplifier operating a t  a frequency below i ts  
design, the TZM bar was  sb r t ened  to  increase the operating frequency a d  
move the  displacement node of the  mechanical anplifier. 
data, t h e  maximum stress developed a t  t h i s  higher frequency decreased despite 
the  f a c t  t ha t  the mechanical amplifier was operating more eff ic ient lya 
result indicated t h a t  the  primary cause of displacement loss on heating w a s  
due to increased mechanical damping of the TZM alloy. 

The 

A vacuum s e a l  was produced by resting the  s t e p  of the titanium 

'he titanium 

Since the end of the TZM bar located i n  t h e  furnace was  a 

I n  most cases, at  room temperature it w a s  necessary 

Heating of the lower end o f  t h e  TZM bar (about 6 

Since th i s  decrease i n  displacemnt might be due i n  

As shown by the 

This 

I n  t h e  t e s t  j u s t  described, the TZM bar attached t o  tbe  titanium horn 
was 1 inch diameter. To provide a second mchanical amplifier, t b e  bar w a s  
machined to 1/4 inch diameter as shown i n  Figure 7 t o  produce a theoretical  
gain of 16. The results niven i n  Table 111 show t h a t  a t  room temwrature t h e  
m a x i m u m  nodal stress i n  the 1/4 inch diameter section, extrapola t;?d from 

~~ ~~ 

-% Blackstone Corporation, S heffield, Pennsylvania 
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TITANIUM HALF-WAVE STUB / 
I i~ 

I I  I- PZTTRANSDUCER 
a I 

- TEST SPECIMEN 

WELD 

TZM STEPPED HOR 
1 

TZM STEPPED HOR - 
COLUMBIUM STATIC - 

LOAD COUPLING 

FIGURE 5 DESIGN OF ULTRASONIC DRIVE TRAIN 

- TITANIUM FLANGE 
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1-1/2" DIAMETER - 
OUTPUT STUB 

L J ~2 

TZM BAR -1 I 3/2 

MAG NETOSTRI CT I VE 
VI BRAT OR 

MAX. INPUT 1 K W  

FIGURE 6 DESIGN OF MAGNETOSTRICTIVE DRIVE TRAIN 
WITH 1 I' DIAMETER BAR 



TABLE 11 

Effect of Joints on M v e  Wrdn Efficiencv 

Test Length of Temp. of Freq. Stress-KSX 
NO. 1" Ea. TZM B a r  Bar ,  OF kHz (Max.Ihive) Remarks - - 

1 Driver & Horn Only 

2 16.25 

- 20.6 

RT 20.6 

(Computed from maximum 

(Unmounted) 
displacement ) 

16.25 

16.25 

15-30 

RT 20.6 

2000 19.5 

2000 20.5 

4@ 

2 e  

9 

Specimen mounted i n  chamber 

TZM bar shortened from t e s t  
Noe 4 t o  increase drive f re -  
quency 

6 10.83 RT 20.6 54* 

7 10.83 2000 19.5 15 

8 c 10.115 2000 20.1 l.4 

-3 Values extrapolated from measuremnts a t  lower power. 
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1 -1/2" DIAMETER c 
OUTPUT STUB 

1/2" x 1 "  Ti  HORN - 

1 "  DIAMETER 
TZM BAR 
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MAG NETOSTRICTIVE 
VIBRATOR 
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I+ 3/4 A 

MAX. INPUT 1 KW 

1/4" DIA. 

FIGURE 7 DESIGN OF MAGNETOSTRICTIVE DRIVE TRAIN 
WITH 1/4" DIAMETER BAR 



TABLE 111 

Effect of Temperature and Step Location on DrLve-R.ain Wficiency 
~~ 

Temperature Frequency Stress - K s i  
Train Configuration OF rn Maximum Drive 

TZM - 1" mameter x 3/2 RT 
2000 

TZM - 1" Diameter x 3/4> RT 
1200 plus 1/4" Diameter x 3/4h 

21.3 25@ 
20-6 24 

TZM - 111 Diameter x lh h RT 
420 
2000 

plus l/,!~ff Diameter x 5/41 
21,s 250* 
2 0 e 8  23 
2oe3 17 

* A t  the  s p e c i f i c  conditions f u l l  power could not be used o r  e l s e  horn 
f r a c t u r e  would occuro 
at lower power l e v e l s  extrapolated l i n e a r l y  t o  t h e  maximum drive. 

The indicated values were obtained by measurements 



reduced power data, w a s  250 Ks-I (1.72 x 10%/m2) indicating tha t  the added 
mechanical anplifier was p-oviding a gain of a t  least 5X. 
operation a t  room temperature a t  reduced power, the 1/L inch diameter sec- 
t ion self-heated to approximately 1 2 0 0 9  (649OC). 
s t ress  decreased even though %he input power was increased u n t i l  at fill 
power t h e  m a x i m n u  s t r e s s  i n  the l/4 inch section w a s  only 24 K s i  (1.65 x 108N/m2). 
To determine whether the position of t h e  b r n  step relat ive t o  the furnace hot 
zone influenced amplification, a secoad TZH bar was employed with tbs s tep of 
the mechanical anplifler placed above the hot sone, A t  room temperature t h b  
design provided no variation i n  performance when compared wi th  the design, shown 
i n  Figure 7. 

previous test, 
t o  bring the temperature to 

With continued 

k i n g  heating, the nodal 

On self-heating to  l4 O°F (771OC) the maximum s t r e s s  developed 

When supplemental b a t  wa8 supplied fmm the furnace element 
a t  f u l l  power was 23 K s i  (1.58 x 10 4 /m2) which was also comparable t o  the 

f u r t h e r  to  17 K s i  (1.70 x 10 4 /m2). OOOV (1093OC) the &mum stress decreased 

These results show tha t  if t h e  drive t r a i n  is kept a t  room tanperature, 
t h e  maximum s t r e s s  which can be developed with the  1 Ku magnetostrictive driver 
is well i n  excess of t h a t  required to  fracture TZC. 
i n  temperature due to  damping a condition of high s t ress  cannot be maintaimd 
without external cooling. 
i n  the amount of vibrationel energy absorbed and a corresponding increase i n  
temperature. Power measurements show t h a t  a t  room temperature q odmately 
10-15 watts is needed t o  produce a stress of 25 Ksi (1.72 x l O 8 N  p" m2) indicating 
that the drive t r a in  efficiency is high: however, a t  20009 (1093OC) lo00 w a t t s  
will not produce t h i s  same stress indicating an eff idencg of less than 2%. 
Higher efficiencies could be realized if the operating frequency were decreased, 
since internal  danping is frequency dependent with lsss energy being expended 
as heat a t  the lower frequencies. 

However, due ID t he  increase 

A q  heating of cbe drive t r a in  caused a rapid increase 

These r e su l t s  indicate that  the inab i l i t y  t o  produce the required 
s t r e s s  i n  TZC a t  elevated temperatures and a t  20 kHz 
losses i n  the mechanical joints '  but i s  primarily due t o  the magxltude of ttae 
in te rna l  damping tha t  occurs a t  high temperatures. 

is  not the  result of 

Fatigue Tests 

Tests of notched specimens were conducted t o  develop S/N curves f o r  
TZC (Heat M-91) annealed one hour a t  3092OF (1700'C). These data obtained 
a t  2 W ° F  (1093OC) for  "A" ra t ios  of 00 and 0.67 are given i n  Table I V  and 
plotted i n  Figure 8. 
does not exhibit a pronounced endurance l i m i t  a t  the elevated test temper- 
ature. 

The fatigue l i f e  is extremely sensit ive t o  s t ress  and 

Using the data f r o m  Figure 8, the Goodman diagram shown i n  Figure 9, 
was constructed. 
two curves have been presented. 
one hour whi le  the other i s  for fatigue i n  approximately 1000 hours. 
values plotted on the  abscissa a t  zem d y n d c  s t ress  are tb ultimate and 

Because of the t i m e  dependent trend of the fatigue data, 
OnS represents fatigue a t  times of less  than 

The 
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1000 hour creep rupture strengths of annealed TZC at 2000OF (1093°C). 
The ultimate strength of 8003 K s i  (5052 x 108N/m2) w a s  obtained from an 
annealed specimen of TZC (Peat M-91) having the same notch configuration 
as used i n  the fatigue tes t s ,  Since creep-rupture data for  annealed TZC 
from Heat M-91 were not available, a value of 30 K s i  (z007 x 108N/m2) w a s  
estimated from the l i t e r a t b e , *  
obtained from the notch TZC t e s t s  is that  the curves show a greater depen- 
dency on s t a t i c  s t r e s s  than usually exhibited, 

The unusual feature of the Goodman diagram 

In the Sixth Fatigue Quarterly Report (NAS ~ CR-54916) data were presented 
for  Armco iron tested a t  room temperature which indicated a reasonably good 
correlation between resu l t s  obtained on smooth and notch specimens, Isolated 
experiments, however, on TZC and TZM at elevated temperatures indicated that 
the fatigue strength of smooth specimens of annealed TZC and TZM were consid- 
erably greater than predicted from notched specimen resul ts ,  
cause for  t h i s  apparent difference, specimens of TW (Heat 7468) having dif-  
ferent notch configurations (see Figure 10) were annealed for  one hour a t  
2 8 5 0 0 ~  (1566OC) and tested at an auibient temperature of 200O0F (1093°C)0 
The resul ts ,  obtained t o  date (Table V), show that the smooth specimens exhibited 
no apparent fatigue cracking even though the applied s t r e s s  w a s  equal to  the 
peak s t r e s s  that caused fatigue in  notched specimens, 
l i f e  between the notch designs A and B suggest that the lower the value of the 
(D/d)2% term the greater the fatigue l i f e .  

To study the 

Differences i n  fatigue 

A fatigue specimen of TZC w a s  metallographically examined t o  determine 
The surface of the specimen at the base the morphology of the fatigue crack. 

of the notch i n  the vicinity of the fatigue crack is shown i n  Figure 11, 
250X a number of surface ruptures surround the principal crack, 
icat ion v i e w  of the cross section of the en t i re  crack, shown i n  Figure 12, reveals 
an apparent substructure adjacent t o  the fissure,  
6OOo~9 Figure 139 shows the development of a well defined, very f ine s t ructure  
along the crack path which indicates tha t  the effect  is rea l  and not a s t r a i n  
a r t i f a c t  e 

A t  
. A  low magnif- 

An electron micrograph at 

The material adjacent t o  the crack had a hardness of 296 DPH compared 
t o  234 DPH j u s t  outside of t h i s  zone, 
is available t o  account for  the development of the substructure along the 
crack path, 
of t h i s  observation. 

A t  present no satisfactory explanation 

Additional specimens a re  being examined t o  determine the generality 

On the basis  of the Goodman diagram obtained for  notch specimens of TZC, 
an 'lA*l r a t io  of approximately 0.20 w a s  selected as a t e s t  condition i n  which 
suff ic ient  dynamic s t r e s s  could be developed t o  produce fatigue fa i lure  i n  a 
smooth specimen, The t e s t  w a s  conducted at 2000F(1093°C) at a s t a t i c  s t r e s s  
of 20 K s i  (1,38 x 108N/&) and a dynamic stress of 3,94 K s i  (2,72 x 107N/m2)e 
Under these conditions the smooth l/W diameter TZC specimen (Heat M-88) annealed 
at 3092OF (1700°C) fai led i n  37.2 hours (2057 x 109 cycles). 
excellent agreement with the predictions obtained from the Goodman diagram shown 
i n  Figure 8. 

T h i s  resu l t  is in 

* G. D, McArdle, R. Q, B a r r ,  and M, Semchyshen, "Investigation of Molybdenum- 
and Tungsten-Base Alloy Sheet Materials", Climax Molybdenum Coo Final Report 
Contract NOW 61-0581-d, (January 15, 1963) , 
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FIGURE 11  FATIGUE CRACKS AT BASE OF NOTCH SPECIMEN 
TZC (M-91) ANNEALED AT 3092OF (17OO0C) FOR 1 
UNETCHED. 
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rRw EQUIPMENT LABORATORIES 

SPEC. f24 1 oox 

FIGURE 12 APPEARANCE OF FATIGUE CRACK IN TZC SPECIMEN, ANNEALED 
3092OF (17000C), 1 HOUR. TESTED AT A N  AMBIENT TEMPERATURE 
OF 20000F (10930F) FOR 4.7 x 109 CYCLES, MURAKAMI'S ETCH 
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FIGURE 13 ELECTRON MICROGRAPH OF FATIGUE CRACK IN SPECIMEN #24 



A second t e s t  is being conducted with TU: bar stock (Heat 43204 
annealed a t  3 0 9 9  (1700'C) a t  an a b i e n t  tanperature of 20009 (1093OC 
a s t a t i c  s t ress  of 20 K s i  (L38 x 1Oh/m2), and a dynamic s t ress  of 4.2 Ksi 
(2.76 x 107N/m2), 
470 hours. 

No fatigue f a i lu re  has occurred i n  t h i s  material after 

By measuring tb change i n  length between the shoulders of the specimen, 
t h e  creep of the smooth TZC specimens during fatigue testing could be observed. 
The first fatigue test specimen exhibited 0 

T h i s  value was a factor of two greater than the creep obtained on specimens 
without the superposition of a dynamic stress. The second test of the specimen 
from the  bar stock has allowed the creep t o  be observed i n  greater detail.  
Creep extensions a f t e r  470 hours of t e s t i n g  under a conkined s t a t i c  ant$ dynamic 
load are given i n  Table V I  and Figure a, along with creep data f o r  TZC from 
Heats M-80 and M-91. A rapid increase i n  the length occurs during th? f i rs t  
1 t o  2 hews resillting i n  p a r t  from the increased 
heating, 
obtained i n  specimens where  no superimposed dynamic s t r e s s  i s  present. 

creep after 37 hours a t  2000°F 
(1093OC), a s t a t i c  load of 20 K s i  (1.38 x 10 8N /m2) m d  en PA" r a t i o  of 0.20. 

temperature due to self- 
The creep r a t e  a f t e r  this i n i t i a l  increase is comparable t o  t ha t  

Teste wi th  specimens of varying notch geometries w i l l  be conducted 
a t  2 0 0 0 9  (1093OC) ( A  = 00) to determine contribution of stress concentration 
factor on the tdgh frequency, elevated tenperature fati,gue properties. Tests 
wLll be contfrmed with TZC to determine the fatigue strength of smooth sped- 
mens a t  re la t ively low A ratios. Additional metallographic examination will 
be performed i n  an attempt to further define the sXgnificance of the substroc- 
ture  present i n  t h e  TZC alloy along t h e  fatigue crack path,  
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TABLX VI 

Creep data TZC B a r  (Heat 4230-2) Annealed 30929 (170O0C), Fcr One #our 
Tested at 20009 (1093”C>, 20 Ksi (1.38 x lob/$) Static Stress, 4.2 K s i  
(2.9 x lorn/&) Qxm%cXtress, and 20 kHz, in’ Vacuum bvironment <1 x 10-7 T o r r  

Length Change 
inches Creep Pressure 

“ime (m.) ( 1” G, L.) - (%I (Torr 1 
o o m  0 2 x 1 ~ 7  0 
0.0012 
00 0020 

0.0016 

0. 0022 
0,0026 

00 0024 
0,0022 

OoOO24 

000025 

000022 

000026 
Oo0027 

00 0027 

000029 

00 0032 

00 12 
0.20 
0.16 

0.22 906 x 1019 
0.26 9.5 10-9 
0.24 
0022 

Qo 24 
0.25 

0.22 

0.26 
00 27 
0.27 

00 29 
00 32 
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